[1] The abrupt desertification over the northern Africa in the mid-Holocene is studied in both a complex and a simple coupled climate-vegetation model. In contrast to the previous mechanism that relies on strong positive vegetation-climate feedback and the resulted multiple equilibria, we propose a new mechanism in which the abrupt desertification is caused by low frequency climate variability, rather than a positive vegetation-climate feedback. The implication of this new mechanism to modelling and observation is also discussed.
Introduction
[2] One great abrupt environmental change event was observed in the northern Africa in the mid-Holocene, with a dramatic desertification occurred abruptly within centuries [deMenocal et al., 2000] (Figure 1a ). Although the general desertification tendency in the Holocene is known to be forced by the change of orbital forcing, it has remained poorly understood why this northern Africa desertification occurred so abruptly. Based on the study in a climatevegetation model of intermediate complexity, Claussen et al. [1999] first proposed a mechanism that depends on a strong positive vegetation-climate feedback and the resulted multiple equilibria in the coupled climate-vegetation system [Claussen, 1997 [Claussen, , 1998 ]. In their mechanism, the abrupt desertification is induced by an unstable transition from the green Sahara equilibrium state to the desert Sahara equilibrium state. However, it has remained unclear why the desertification did not occur abruptly in other similar intermediate complexity models [Renssen et al., 2003; Wang et al., 2005] . Here, the North African desertification is studied in a first transient Holocene simulation in a synchronously coupled general circulation atmosphereocean-vegetation model (Z. Liu et al., Simulating the transient evolution and abrupt change of Northern Africa atmosphere-ocean-terrestrial ecosystem in the Holocene, submitted to Quaternary Science Reviews, 2006, hereinafter referred to as Liu et al., submitted manuscript, 2006) . Furthermore, a conceptual climate-ecosystem model is developed to highlight the mechanism of the abrupt desertification and to provide a unified view of the evolution of the vegetation-climate system. In particular, our study suggests a new mechanism for the abrupt desertification, in which the abrupt change is induced by low frequency climate variability, rather than a strong vegetation feedback and the associated multiple equilibrium.
The GCM Simulation
[3] The Holocene experiment is integrated in the fully coupled atmosphere-ocean-land model, FOAM-LPJ [Gallimore et al., 2005] , under the annually varying orbital forcing [Berger, 1978] for the last 6500 years. A detailed discussion of the simulation and a comparison with past climate records are given by Liu et al. (submitted manuscript, 2006) . Here, we focus on the mechanism of the abrupt desertification in the southern Sahara. The simulated grassland collapses abruptly into a desert around 5000 years ago (Figure 1b) , in good agreement with the abrupt increase of dust flux in the Atlantic (Figure 1a) . In contrast to the abrupt vegetation collapse, however, the simulated rainfall decreases gradually (Figure 1c) , with the decline around 5000 yr BP comparable with internal climate variability. Moreover, this precipitation decline is likely to be the cause, rather than the consequence, of the vegetation collapse. This is because the rainfall changes tend to precede vegetation changes, implying the absence of a significant positive vegetation feedback on rainfall over Northern Africa. Indeed, the cross-correlation between annual vegetation cover and annual precipitation shows a significant (at 95% level) positive peak decreasing from lag 0 to several years with precipitation leading, reflecting the strong precipitation forcing on vegetation. However, the correlation becomes insignificant when vegetation leads annual precipitation by one year, suggesting a lack of positive feedback of annual vegetation on rainfall [Liu et al., 2006] . This lack of strong positive feedback of vegetation cover on rainfall is also confirmed with a sensitivity experiment in which the change of vegetation cover over southern Sahara from the mid-Holocene to the preindustrial leads to an slight increase of rainfall (not shown). Consequently, the simulated vegetation collapse is unlikely to be caused by the vegetation feedback mechanism proposed by Claussen et al. [1999] . Instead, we show in a conceptual model below that this abrupt vegetation collapse is caused by the strong low frequency climate variability forcing.
The Conceptual Model
[4] Our conceptual climate-vegetation model is similar to Brovkin et al. [1998] with the addition of a stochastic climate forcing simulating the strong internal variability of precipitation [Zeng and Neelin, 2000; Wang, 2004] . Vegetation in the subtropical semi-desert area depends critically on water availability or soil moisture, which is represented crudely as proportional to the annual rainfall P. The vegetation cover V evolves as
where t is the vegetation equilibrium time, taken as 5 years for the Sahara grasslands. The equilibrium vegetation model V E (P) assumes the form
Here, P C1 and P C2 are the lower and upper rainfall thresholds, respectively, and D C = P C2 À P C1 > 0 is the precipitation range for the transition of equilibrium vegetation from the green state to desert state. Below, we use P C1 = 270 mm/yr and P C2 = 370 mm/yr to be consistent with the equilibrium solutions of our LPJ vegetation model ( Figure 2) ; this is shown as the circles in Figures 3a and 4a .
[5] The equilibrium atmospheric precipitation model takes the form of
with D B as the vegetation feedback coefficient, and P d (t) as the background precipitation in the absence of vegetation.
In the semi-desert region, rainfall has a strong internal variability independent of vegetation ( Figure 1c ). This internal variability is simulated as a stochastic forcing P N (t) into the total precipitation as
An equilibrium coupled state can be identified as the intersection between the equilibrium vegetation V E (P) (in (2)) and equilibrium atmosphere P E (V) (in (3) Figure 4a ). These two cases are selected here mainly for their different stability properties, as will be discussed later. The gradual change of orbital forcing is simulated in the background precipitation as P d (t) = P d0 [1 À (t + 6500)/T], where P d0 is the background precipitation at À6500 yr and T is the period of interest. Here, T is taken as 3000 yr, because we are only interested in the period of abrupt change. Figures 3a and 4a (solid lines) show the equilibrium atmospheric states P E (V) at 6 time slices of years À6500, À5900, À5300, À4700, À4100 and À3500. The strong feedback case becomes unstable in the forcing range of
For example, the time slice at À5900 yr has three equilibria: an unstable intermediate state (V % 0.5), a stable green state (V = 1) and a stable desert state (V = 0) (crosses in Figure 3a) . The weak feedback case is always stable with a single equilibrium (crosses in Figure 4a ). Following Brovkin et al. [1998] , the stability of each equilibrium state can be seen in its potential function Figures 3b and 4b for the two cases. Each case shows 6 potential functions corresponding to the 6 times slices in Figures 3a and 4a . On each potential function curve, a maximum G(V) peak represents an unstable equilibrium while a minimum G(V) ''well'' represents a stable equilibrium. All the equilibrium states (crosses in Figures 3b and 4b ) are stable as seen in the corresponding G(V) wells, except for the strong feedback case at À5900 yr, in which an intermediate state (V = 0.5) becomes unstable as shown in a weak G(V) peak in Figure 3b .
Vegetation Feedback and Vegetation Collapse
[7] Past studies focused on the collapse mechanism in the absence of climate variability. Figures 3c and 3d show the evolution of the vegetation and precipitation for the strong feedback case in the absence of stochastic forcing. Because the precipitation forcing varies very slowly, the coupled climate-vegetation state almost coincides with a coupled equilibrium state during the evolution, a green state before À5500 yr and a desert state afterwards. Around À5500 yr, the coupled state collapses through an unstable collapse (UC). That is, the positive vegetation-climate feedback generates multiple equilibria in the coupled system, which allow a gradual insolation forcing to induce an abrupt collapse at À5500 yr from the green Sahara to a desert state via an unstable intermediate state [Claussen et al., 1999] . In comparison, in the weak feedback case (Figures 4c and 4d) , both the vegetation and precipitation exhibit much gradual declines from the green Sahara to a desert. This gradual decline will be called a stable decline (SD). In general, an UC occurs faster and with a larger rainfall decline than a SD. In our conceptual model, the duration for the vegetation to decrease from the green (V = 1) to desert (V = 0) states is:
accompanied by a rainfall reduction of In Figures 3c -3h , the annual data (thin line) are plotted together with its 100-year running mean climatology (heavy line). In Figures 3d, 3f , and 3h, the two dash lines are the critical precipitation thresholds P C2 and P C1 for equilibrium vegetation. Figures 3c and 3d show an unstable collapse; the collapse is suppressed by a fast stochastic forcing in Figures 3e and 3f and is reactivated by a slow stochastic forcing in Figures 3g and 3h .
Therefore, in contrast to the instantaneous UC, SD occurs over a longer time for a less positive vegetation feedback and in turn more stable system (more negative D B À D C ). Furthermore, the stronger the positive vegetation feedback, the more unstable the system (more positive D B À D C ), and the greater the rainfall reduction is. In particularly, precipitation reduction is always larger in UC than in SD.
[8] The SD, we speculate, is responsible for the gradual decline in North African vegetation in the work by Wang et al. [2005] . This is because their model, albeit with the same vegetation model as Claussen et al. [1999] , has neither strong climate variability, nor a strong vegetation feedback.
Suppression of Collapse by Fast Climate Variability
[9] Precipitation in southern Sahara exhibits substantial climate variability in our model (Figure 1c) , and also in the real world. Here, we use a random annual precipitation P N 1 yr with a standard deviation of 130 mm/yr. This climate variability is seen to suppress the UC in the strong feedback case (Figures 3e and 3f) , in which the decline of climatological vegetation and rainfall (say, the 100-year running mean) becomes gradual, with no systematic abrupt collapse. This suppression of abrupt collapse can be understood as follows. Without stochastic forcing, the background forcing varies so slowly that the coupled climate-vegetation system evolves following the equilibrium state. Therefore, a coupled state tends to reside in either the stable green equilibrium, or the stable desert equilibrium, once it falls into each respective ''attractive well'' (Figure 3b) . With a strong and fast stochastic forcing, the coupled system is driven frequently out of its attractive well into the other attractive well. Over a long time, this tends to generate an equal probability of residence near the two stable equilibria, and therefore an ensemble mean state in between the two equilibria. A similar situation has been studied in an ocean model [Stommel and Young, 1993] and a coupled vegetation-climate model of intermediate complexity [Wang, 2004] . In a sense, the climate variability forcing is so fast and so strong that the response can no longer ''stick'' around a stable equilibrium state. Instead, the coupled state ''wanders'' around the ''center of gravity'' of the two equilibria. As such, with a slowly evolving mean background forcing, there will be no longer a systematic sudden collapse from one equilibrium to another because the coupled system is no longer closely ''attached'' to any specific equilibrium at any time. This way, climate variability effectively smoothes the temporal evolution of the coupled system. Similarly, the coupled evolution is also smoothed by the stochastic forcing in the weak feedback case (Figures 4e and 4f ). This smoothing effect on the temporal evolution of the coupled system is similar to the smoothing effect of climate variability on the spatial gradient between vegetation and desert [Zeng and Neelin, 2000] . The smoothing effect of climate variability, on both the temporal and spatial gradients in the coupled system, tends to counter the gradient-sharpening effect from positive vegetation-climate feedback.
[10] This stochastic suppression offers an explanation why northern Africa vegetation shows little abrupt collapse of Renssen et al. [2003] , in spite of their identical vegetation model to the one of Claussen et al. [1999] . Renssen et al. adopt a quasi-geostrophic atmospheric model, which may have produced excessive rapid synoptic climate noise, which then suppresses UC. Note here that, to suppress a collapse, the stochastic forcing has to be faster than the vegetation equilibrium time. A fast and strong forcing causes random vacillations of the coupled state between extreme states with no time to reach equilibrium, preventing a collapse of the coupled state.
Excitation of Collapse by Slow Climate Variability
[11] The coupled system evolves very differently under a slow stochastic forcing. Grasslands mainly depend on surface soil moisture, but they also have a weak dependence on subsurface moisture with a persistence time of decades. This is because perennial grasses, especially in seasonally dry tropical environments, also have a proportion of deep roots that can be crucial for their survival through the dry season. As such, subsurface soil moisture provides a longterm memory effect for grasses. The long-term effect can also be further enhanced by vegetation-climate interaction, which has been shown to enhance decadal low frequency variability in precipitation at the expense of shorter interannual variability [Zeng et al., 1999] . These long-term effects of climate variability and soil moisture are here approximated crudely as a 10-year running mean of a stochastic annual precipitation forcing P N 10 yr .
[12] In the strong feedback case, the slow stochastic forcing reactivates the UC (Figures 3g and 3h) . Unlike a fast stochastic forcing, the slow stochastic forcing has a persistence time comparable or longer than the vegetation equilibrium time. Thus, the coupled system can still follow closely to its equilibrium during the evolution before the stochastic forcing changes significantly. When the equilibrium state switches, the system collapses, leading to the UC.
[13] Most interestingly, in the weak feedback case, a slow stochastic forcing can excite a vegetation collapse (Figure 4g ) accompanied by a weak precipitation decline ( Figure 4h ); this will be called a stable collapse (SC), which occurs much faster than the SD in the absence of stochastic forcing (Figures 4c and 4d) . The mechanism of the SC may be understood as follows. In a coupled vegetation-climate system, both the green state and desert state have a broad and deep attractive well relative to the intermediate state (e.g., Figure 4b) , because of the two nonlinear bioclimatic thresholds for vegetation: P C1 and P C2 . The green and desert states are therefore stable subject to large perturbations, as long as the perturbation does not vary too fast to allow for vegetation equilibration. Consequently, a system is easily driven out of the intermediate state by a moderate perturbation, leading to the SC. Similar to the SD, however, the precipitation collapse in the SC is much weaker than in the UC (Figure 4h vs. Figure 3h) , because of the weak vegetation feedback. Finally, further experiments suggest that the timing of the collapse differs for each realization, and could vary substantially for both the stable and unstable collapses. Nevertheless, in both cases, vegetation tends to collapse when the climatological rainfall falls to around the rainfall thresholds P C2 and P C1 . This SC, we speculate, offers an explanation of the strong vegetation collapse accompanied by a gradual precipitation decline in FOAM-LPJ (Figures 1b and 1c) .
Implications
[14] Our conceptual model study shows that the North African vegetation collapse during the mid-Holocene could have been caused either by a strong vegetation feedback as a UC, or by a strong low frequency climate variability as a SC. The former is accompanied by a strong collapse in precipitation, while the latter is not. The vegetation collapse in FOAM-LPJ (Figures 1b and 1c) , we speculate, is caused by the SC, because of the weak vegetation feedback, strong rainfall variability, and the absence of an abrupt precipitation collapse. In contrast, the vegetation collapse of Claussen et al. [1999] is likely a UC, because of a weak stochastic forcing and strong positive vegetation feedback in their model.
[15] Our study has important implications to future modelling and observational studies. The simulated vegetation collapse depends not only on the vegetation model, but also on the climate model and climate-vegetation interactions. Furthermore, the vegetation collapse is determined not only by the mean climate and vegetation feedback, but also by climate variability. With strong climate variability, vegetation feedback becomes no longer essential for the vegetation collapse. It should also be pointed out that the potential role of climate variability on abrupt change discussed here may have important implications to abrupt changes in other climate system, such as the oceanic thermohaline circulation.
[16] In practice, it is important to clarify if the midHolocene collapse was caused by vegetation feedback as in UC, or by climate variability as in SC. In spite of various modeling studies [Claussen, 1997; Kutzbach et al., 1996] , there has been little direct observational evidence of a strong positive vegetation feedback on large-scale precipitation in northern Africa [Liu et al., 2006] . In the Holocene, the sudden increase in dust flux at marine sediment cores likely reflects the dramatic vegetation collapse. However, there seems to be no clear evidence of an abrupt collapse in large-scale precipitation. Recent analysis of North Atlantic marine sediment suggests a gradual change in coastal upwelling and SST accompanying the sudden increase in dust flux in the mid-Holocene [Adkins et al., 2006] . Therefore, the sudden increase in dust flux could be caused by a sudden replacement of grasses with desert, which would produce a rapid increase in dust transport towards the Atlantic despite a gradual change in wind and precipitation. This is consistent with the gradual precipitation change and abrupt vegetation change in the SC. To resolve this issue, high-resolution paleohydrology data are critically needed. If the reconstructed vegetation collapse is accompanied by an abrupt reduction of large scale hydrological cycle, the abrupt change is likely to be caused by the UC proposed by Claussen et al. [1999] . Otherwise, it is likely to be caused by the SC proposed here.
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